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1. Introduction {#sec1}
===============

The aquatic environment, particularly coastal and inland waterbodies, are extremely vulnerable to pollution. Rising population, industrial development and demand for energy has resulted in an increase in the transport of oil by water ([@bib64]). Increase in global demand means increased production and transport of oil and oil-based products which has led to disasters within the aquatic environment. Major oil spills, such as the 1989 Exxon Valdez and the 2010 Deepwater Horizon disasters, released large quantities of hydrocarbons including large amounts of polyaromatic hydrocarbons (PAHs) into the aquatic ecosystem. Aside from spills, PAHs are an ever increasing anthropogenic pollutant in the aquatic environment constantly receiving input through atmospheric deposition of exhaust particles, soot from vehicular emissions, industrial emissions and forest fires ([@bib40]; [@bib50]; [@bib66]; [@bib6]; [@bib64]). There are also allochthonous input routes for PAH pollution through urban runoff and seepage from oil transport pipes ([@bib29]; [@bib43]; [@bib6]). Most worrisome is the fact that PAHs are persistent organic pollutants ([@bib4]) and are known to cause a myriad of effects in a wide range of organisms including carcinogenicity ([@bib3]; [@bib36]; [@bib49]), disruption of the endocrine system ([@bib20]; [@bib71]), DNA damage and adduct formation ([@bib23]), developmental toxicity ([@bib30]; [@bib7]; [@bib39]; [@bib63]) and cardiotoxicity ([@bib26], [@bib27]; [@bib72], [@bib73]; [@bib5], [@bib6]; [@bib12]).

Developing embryos of fish exposed to petrogenic PAHs showed low survival, increased mortality, delayed hatching, impacted swimming ([@bib38]), pericardial and yolk-sac oedema, jaw malformations, skeletal defects, lordosis, scoliosis, bradycardia, cardiac arrhythmia, and tachycardia ([@bib29], [@bib28], [@bib26]; [@bib42]; [@bib1]; [@bib63]). The mechanisms underlying the developmental toxicity and cardiotoxicity of PAHs have been summarised in the recent review by [@bib25] where the focus is on embryonic developmental stages and cellular function in marine fishes. Fewer studies have investigated the toxicity of PAHs at the whole heart level. [@bib51], showed that the cardiovascular system of mahi-mahi (*Coryphaena hippurus*) was compromised when it was exposed to high energy water accommodated fraction (HEWAF) of crude oil containing 9.6 ± 2.7 μg/l ΣPAH for 24 h. The results revealed a significant reduction in stroke volume (by 44%), cardiac output (by 39%), stroke work (by 52%), ventricular contractility (by 28%), and contractility index (by 24%) of the whole heart. Whole heart function is controlled by excitation-contraction coupling in the cardiomyocytes that make up the heart. PAHs have been found to impair cardiac excitation-contraction coupling in a number of marine fish species ([@bib5]), by disrupting Ca^2+^ dynamics through inhibition of intracellular Ca^2+^ flux and decreases in extracellular Ca^2+^ influx via the L-type Ca^2+^ current *I*~CaL.~ Cellular electrical activity was also disrupted following PAH exposure via the delayed rectifier potassium current (*I*~Kr~) inhibition and action potential (AP) prolongation which is the basis for cardiac arrhythmogenesis. Subsequently, these effects were found to be due to Phe, a 3-ringed PAH, which is a significant component in crude oil ([@bib6]).

To date, the majority of studies on cardiotoxicity focused on the marine environment. However, freshwater ecosystems are biologically diverse containing over 60% of all fish species ([@bib9]). Freshwater systems are under extreme threat due to geomorphological alterations, land use changes, water abstraction, invasive species, nutrient overloading and pollution ([@bib11]) and reports suggest that inland waters receive smaller but more frequent oil spills than its marine counterpart ([@bib47]). Recently, a rail way freight incident released 230,000 gallons of crude oil into Rock River, Iowa ([@bib16]). An estimated 819,000 gallons of crude oil was released into the Kalamazoo River from a ruptured Enbridge Lakehead Line 6B pipeline impacting an estimated 1,600 acres of river, stream, floodplains and uplands ([@bib65]). The M/T Westchester oil spill released estimated 554,400 gallons of Nigeria crude oil into the Mississippi River in 2000 wherein the lower molecular weight PAHs accounted for 75% of the total PAH content. These PAHs exhibited significant acute toxicity to aquatic species ([@bib46]). Consequently, there has been a ∼80% decline in freshwater species diversity over the past half-decade ([@bib10]). Therefore, understanding the impact of PAHs on biota in this fragile ecosystem is imperative.

Here we investigate the impact of Phe on the whole heart electrical activity, cardiac tissue contractile activity and ventricular cardiomyocyte ion flux in the brown trout, a key freshwater indicator species ([@bib13]). We show changes in whole heart electrical activity consistent with arrhythmogenesis due to prolongation of the monophasic action potential duration (MAPD) and interval between ventricular depolarization and repolarization (QT interval) as shown in the electrocardiogram (ECG). This corresponds to APD prolongation and I~kr~ (erg channel) inhibition in isolated ventricular cardiomyocytes. Phe also disrupted cellular Ca^2+^ dynamics resulting in reduced intracellular Ca^2+^ transients and inhibition of L-type Ca^2+^ channels which explains, at least in part, the reduction in tissue level contractile force following Phe exposure. As such, we show the mechanisms underlying the pro-arrhythmogenic and negative ionotropic effects of Phe on the brown trout heart. We concluded that, similar to the marine environment, PAHs in freshwater can have profound effects on fish cardiac health. The plight of salmonids and the role of the cardiac system in powering arduous migrations has received considerable attention in relation to warming, hypoxia, and altered flow regimes ([@bib18]). We suggest that PAH pollutants represent another cardiac stressor for freshwater fish and that future work in this area should go beyond the heart and address the impact of Phe at the organismal level.

2. Materials and methods {#sec2}
========================

2.1. Animal husbandry {#sec2.1}
---------------------

Brown trout (*Salmo trutta*) were obtained from Dunsop Trout Farm Ltd Clitheroe, UK and transported to the University of Manchester\'s aquarium facility in cold dechlorinated aerated water. The fish were held in 800 l aerated re-circulatory outdoor tanks at 10 °C for a minimum of 2 weeks prior to experimentation. Fish experienced a natural photoperiod and were fed ad libitum with commercial trout pellets three times a week. Water quality was maintained by large biological filters and 25% water changes 3 times a week, with regular testing for nitrogen compounds.

2.2. Assessing electrical activity of the whole heart {#sec2.2}
-----------------------------------------------------

Brown trout (mean mass 332.4 ± 29.6 g; n = 10) were stunned by a sharp blow to the head, the spine cut and the brain destroyed. The heart was quickly excised and placed in ice-cooled physiological saline (see composition below). The excised heart (mean mass 0.61 ± 0.05 g; n = 10) was mounted in a Langendorff perfusion system where it was retrograde perfused with 10 °C physiological saline (see composition below) containing 5 μM adrenaline to maintain muscle tone ([@bib22]) and supplemented with blebbistatin (10 μM) to minimise contraction and thus movement artefacts during recording of electrical activities. The atrium was dissected to remove pacemaker tissue to allow external control of heart rate. A stimulating electrode was placed at the atrioventricular junction and the heart paced at 0.5 Hz while monophasic action potential (MAP) and electrocardiogram (ECG) electrodes where placed on the surface of the ventricle. The electrodes were connected to a bio amp (ADInstruments), then to a power lab 4/35 (ADInstruments) and data was recorded via LabChat software 8.0. Once steady, ECG and MAP recordings were achieved at 0.5 Hz, 0.6 Hz and 0.8 Hz. These frequencies were chosen to reflect *in vivo* heart rate range of trout at 10 °C ([@bib68]). After control recordings, Phe was added to the saline perfusing the heart in cumulative doses to reach 5, 15 and 25 μM concentrations. At each concentration, MAPs and ECGs were recorded at 0.5, 0.6 and 0.8 Hz. From these recording, the QT duration was extracted from the ECG data and subsequently corrected for heart rates; QTc = QT/\[√ (60/HR)\]. Monophasic action potential duration was assessed at 90% repolarization (APD~90~), and triangulation was calculated as APD~90~-APD~30~. Saline samples entering the heart and flowing out of the heart were collected to assess Phe absorption into heart tissues (Jenway 6305 UV-VIS spectrophotometer, 251 nm).

2.3. Assessing force development of cardiac tissues {#sec2.3}
---------------------------------------------------

Brown trout (body mass 195 ± 8.7 g, n = 13) were killed and the heart (mean mass 0.29 ± 0.01 g, n = 13) excised as described above. The ventricle and atrium were separated and bisected to expose the lumen. Four thin ventricular and atrial strips were cut lengthwise and positioned between a fixed post of a force transducer and lowered into water-jacketed myobath containing 15 ml of oxygenated physiological saline at 10 °C. The ventricle strips had a mean mass of 5.8 ± 0.4 mg (n = 58) and length of 4.7 ± 0.2 mm (n = 58) while the atria strips had a mean mass of 4.1 ± 0.3 (n = 46) and length 3.2 ± 0.3 mm (n = 50).

The strips were lengthened to remove slack and left for 1 h after which 5 nM adrenaline was added to maintain muscle tone ([@bib55]). The strips were stimulated to contract using an SD9 square pulse stimulator (USA Grass) at 70 V with10 ms pulse duration. Output from the force transducers was coupled to a 4 channel power lab 4/35 (ADInstruments) where it was digitized and stored using Labchart software (7.0). The muscle length at which active tension is maximized (L~max~) was established and the length was adjusted to L~98~ (length at 98% of L~max~) and allowed to equilibrate at this length for 30 min under basal stimulation (0.2 Hz), before being subjected to the experimental protocols. Each protocol consisted of 3 force-frequency trials performed sequentially on the same muscle strip: a control, a Phe exposed, and an adrenaline (1 μM) exposed. In each force--frequency trial, stimulation frequency was increased from 0.2 to 1.0 Hz in 0.2 Hz increments. After each change in stimulation frequency, the muscles were allowed to stabilize (∼5 min) before new force measurements were made. Muscles were allowed to recover at 0.2 Hz for 30 min between force-frequency trials. After the control force-frequency trial, a muscle strip was exposed to fresh saline containing either a DMSO control or one of three concentrations of Phe (5 μM, 15 μM or 25 μM) for 30 min. During each saline change, 5 nM adrenaline was added to each organ bath before the force--frequency trial was repeated to maintain muscle tone ([@bib22]). The saline changed ensured there was a control value of force for each exposure and also a control experiment where strips were only exposed to DMSO. Deterioration of the preparation over the duration of the experiment was monitored using the control strip.

At each stimulation frequency and under each experimental condition, force, time to peak force, time to 63% relaxation (tau) and the rates (df/dt) of contraction and relaxation were measured. Before removing the muscle strips from the bath, the length was measured (to 0.1 mm) using a Vernier calliper and the region of the tissue that contributed to force development was weighed (to the nearest 0.01 mg). Mean cross-sectional area was calculated using muscle mass, muscle strip length and an assumed muscle density of 1.06 g cm^−3^([@bib37]; [@bib57]) and used to standardised force, expressed as mN mm^−2^.

2.4. Assessing mechanisms of cardiotoxicity at the cellular level {#sec2.4}
-----------------------------------------------------------------

*Myocyte isolation*: Myocyte were isolated according to ([@bib60], [@bib59]). Briefly, brown trout (body mass 347.2 ± 39.7 g, n = 6) were killed and the heart (mean mass 0.43 ± 0.05 g, N = 8) was isolated and cannulated through the bulbus arteriosus and perfused from a height of 30 cm with a Ca^2+^ free isolation solution ([@bib59], [@bib60]) for 8--10mins followed by enzymatic digestion (5 mg Trypsin type III, 7.5 mg Collagenase Type 1A and 7.5 mg bovine serum albumin in 10 ml isolation solution) for 18--20mins. The ventricle was isolated and cut into small pieces and gently titrated via Pasteur pipette to liberate single cells. These were held at 4 °C in isolation solution for up to 8 h.

*Intracellular Ca*^*2+*^*transients*: Intracellular Ca^2+^ transients were recorded using the Ca^2+^ indicator, Fluo 4-AM. A 500 μl suspension of myocytes was incubated with 1.4 μM of Fluo 4-AM for 10 min at 11 °C. This temperature and time combination was determined with a set of preliminary studies where dye loading was optimised. Following the protocol of [@bib6], the dye-loaded cell suspensions were then diluted by adding 2.5 ml ringer solution containing different concentrations of Phe and allowed to de-esterify whilst being exposed to Phe for 1 h. Control cells were treated with DMSO. Using a Nikon Eclipse TE2000-U epifluorescence microscope, the dye was excited at 488 nm and emission was measured at 500 ± 40 nm while the cell was stimulated at 0.2 Hz. Signal was acquired using a PMT coupled with an OptOscanmonochromator(CAIRN research, UK) set to a gain of 9.20 and 878 V. This was connected to a Digidata 1440A (Axon instrument CA) and signal was acquired using Clampex 11 (Axon Instruments CA) and analysed offline using a Clampfit11.0.3 (Axon Instruments CA).

*Whole-cell patch clamp:* Electrophysiological data was recorded as previously described ([@bib6]). Briefly, isolated myocytes were allowed to settle for ∼10 min in the recording chamber at the beginning of each trial and then perfused with external solution (see composition below). Membrane potentials and currents were recorded from each myocyte in whole-cell mode under baseline (control) conditions and in the presence of Phe in the extracellular solution. The wave-forms used to elicit ion currents and APs are provided in the figure legends.

APs were evoked using 10 ms sub-threshold current steps at a frequency of 0.5 Hz. The L-type Ca^2+^ channel current (I~CaL~) was elicited by a pulse to 0 mV (the approximate peak of the current-voltage relationship) after a pre-pulse to −40 mV to inactivate Na^+^ current. I~CaL~ was measured as the difference between peak and the end of pulse current. I~Kr~ was activated by a pre-pulse to +40 mV (to fully activate K+ channels as determined in preliminary experiments) and measured as the tail current at −40 mV. Data was recorded via a Digidata 1322A A/D converter (Axon Instruments, CA) controlled by an Axopatch 200B (Axon Instruments, CA) amplifier running pClamp 10.3 software (Axon Instruments, CA). Signals were filtered at 1--10 kHz using an 8-pole Bessel low pass filter before digitization at 10--20 kHz and storage. Patch pipette resistance was typically 2--3 MΩ when filled with intracellular solution. Cell membrane capacitance (mean ± S.E.M = 31.85 pF ± 4.8, n = 34 myocytes from 8 fishes) was measured using the "membrane test module".

2.5. Statistical analysis {#sec2.5}
-------------------------

Data are reported as mean ± S.E.M. Data from whole heart and tissues data were subjected to a two-way ANOVA and the statistical significance was tested using a Fisher\'s LSD *posthoc test* at *p* \< 0.05. Data from myocyte exposure were analysed using a one-way ANOVA followed by a Fisher\'s LSD post-hoc test at p \< 0.05. The data for force of contraction were reported as a percentage of the control but were transformed using formula Y = Log(Y) for statistical analysis. All data were analysed using the GraphPad Prism 7.0 software. Data for Ca^2+^ transient was extracted from Clampfit into Graphpad and the change in the amplitude of the florescent signal was normalized to its respective base line (ΔF/F~0~). Tau (τ) was fit using the experimental standard equation;$$f\left( t \right) = \sum\limits_{i = 1}^{n}A_{i}e^{{- t}/\tau_{i}}\  + \ C$$

Electrophysiological data were analysed using Clampfit and GraphPad Prism software. All AP parameters were stable over the time of recording (\<10 min) in controls. Currents are expressed as current density (pApF^−1^).

2.6. Physiological solutions and chemicals {#sec2.6}
------------------------------------------

The physiological saline is same as previously described ([@bib55]). The Ringer solution contained (in mM) 150 NaCl, 3.5 KCl, 1.5 MgSO~4~, 0.4 NaH~2~PO~4~, 2 CaCl~2~, 10 glucose and 10 HEPES, with pH set to 7.7 with NaOH. This Ringer solution was used for the whole heart and tissue studies. Whole-cell patch clamp recording external solution contained (in mM) 150 NaCl, 3.5 KCl, 1.5 MgCl~2~, 3.2 CaCl~2~, 10 glucose and 10 HEPES, with pH set to 7.7 with NaOH. For AP recording, pipette solutions contained (in mM): 10 NaCl, 140 KCl, 5 MgATP, 0.025 EGTA, 1 MgCl~2~, and 10 HEPES, pH adjusted to 7.2 with KOH. For I~Ca~ measurement, the pipette solution contained (in mM) 130 CsCl, 15 TEA-Cl, 5 MgATP, 1 MgCl~2~, 5 Na~2~-phosphocreatine, 5 EGTA, 10 HEPES, and 0.03 Na~2~GTP, pH adjusted to 7.2 with CsOH. CsCl and TEA-Cl were included to inhibit activities of K^+^ channels. For I~Kr~ measurements the pipette solution contained (in mM): 10 NaCl, 140 KCl, 5 MgATP, 5 EGTA, 1 MgCl~2~, and 10 HEPES, pH adjusted to 7.2 with KOH. For I~Kr~ recordings, tetrodotoxin (TTX, 0.5 μM), nifedipine (10 μM), and glibenclamide (10 μM) were included in the external solution to inhibit Na^+^, Ca^2+^, and ATP-sensitive K^+^ channels. For I~CaL~ recordings, tetrodotoxin (TTX, 0.5 μM), E-4031 (2 μM), and glibenclamide (10 μM) were included in the external solution to inhibit Na^+^, I~Kr~ and ATP-sensitive K^+^ channels, respectively.

All reagents including Phe (analytic grade), were acquired from Sigma Aldrich except blebbistatin (MedChemExpress, MCE USA), Fluo 4-AM (Molecular Probes, Oregon USA) and TTX (Tocris, UK). All stock solutions were made using Milli-Q supplied water (Millipore, USA). Phe stock (25 mM) was prepared by dissolving 22 mg of Phe into 5 ml DMSO (tissue culture grade, Sigma). A 10 mM stock of blebbistatin was made by dissolving 25 mg in 1 ml DMSO. From these stocks, working solutions of 5, 15 and 25 μM of Phe and 10 μM blebbistatin were achieved. In all experiments, maximal DMSO was maintained below 1:1000.

The range of concentrations of Phe used in this study reflect those previously employed to understand the mechanism of cardiotoxicity in whole embryos (28--56 μM, [@bib29]) and isolated cardiomyocytes from marine fish species (5--25 μM, [@bib6]). However, these ranges are higher than those routinely reported for the freshwater habitat. [@bib48], reported total and freely dissolved PAH in a typical upland stream in the UK to range from 2.71 to 18.9 ng L^−1^ and 2.61--16.8 ng L^−1^, respectively. However, concentrations up to 7420 μg L^−1^ have been reported in stream and rivers in Ogoniland, Nigeria ([@bib41]).

3. Results {#sec3}
==========

3.1. Phenanthrene disrupts electrical properties of trout heart {#sec3.1}
---------------------------------------------------------------

ECG recordings provide information on the electrical activity sweeping across the heart with each beat. The QT interval in the ECG reflects the time between ventricular depolarization and repolarization and it is used clinically to assess the electrical health of the heart. A change in this interval is indicative of arrhythmia risk. [Fig. 1](#fig1){ref-type="fig"} shows the effect of Phe on the ECG of the brown trout heart. The raw ECG recording ([Fig. 1](#fig1){ref-type="fig"}A) show the prolongation of the QT interval following Phe exposure. Mean data where the QT interval is corrected for heart rate (QTc; [Fig. 1](#fig1){ref-type="fig"}B) shows that Phe caused significant prolongation of QTc interval on exposure to 15 and 25 μM concentrations, across all frequencies (also see [Table S1](#appsec1){ref-type="sec"}). At the highest cardiac pacing frequency (0.8 Hz), 5 μM Phe caused significant elongation of QTc indicating the potential for Phe to be cardiotoxic even at low concentrations. A representative MAP trace from an isolated heart ([Fig. 1](#fig1){ref-type="fig"}C) shows the effects of Phe on the MAP which reveals the time course (but not voltage change, presented in arbitrary units) of an action potential taken from the surface of the heart. Phe caused significant MAP prolongation at concentrations ≥15 μM, which explains the prolongation of depolarization observed in the QT~c~. MAP prolongation at 90% repolarization (MAPD~90~) was significant at pacing frequencies of 0.5, 0.6 and 0.8 Hz at ≥ 15 μM Phe ([Fig. 1](#fig1){ref-type="fig"}D, [Table S1](#appsec1){ref-type="sec"}). Phe also effected MAP triangulation (calculated as MAPD~90~ -- MAPD~30~) across frequencies of 0.5, 0.6 and 0.8 Hz which is a measure of electrical dispersion ([Table S1](#appsec1){ref-type="sec"}).Fig. 1The impact of Phenanthrene (Phe) on the electrical properties of the brown trout heart. (A) Representative ECG traces from a heart contracting at 0.5 Hz showing QT interval prolongation in presence of increasing Phe concentration. (B) The corrected QT interval (QTc, see methods) under control conditions and upon exposure to 15 μM of Phe at 0.5 Hz, and 0.8 Hz . (C) Representative MAP traces from an isolated heart at 0.5 Hz showing QT interval prolongation in presence of Phe concentration at 15 μM and above. (D) Mean data showing MAP duration at 90% repolarization (MAPD~90~) in control conditions and following exposure to 15 μM Phe. Individual hearts are shown by circles with bar showing mean ± S.E.M (n = 7--9 hearts). \*p \< 0.05, two-way ANOVA. MAP and QT~c~ data for all exposure concentrations and all frequencies are shown in [Table S1](#appsec1){ref-type="sec"}. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)Fig. 1

3.2. Phenanthrene reduced cardiac contractility {#sec3.2}
-----------------------------------------------

Alterations in cardiac electrical activity are known to affect cardiac contractility (i.e. the ability of the heart to pump blood against a resistance). Thus, we next examined whether Phe affected cardiac force using an isolated isometric cardiac muscle preparation. The raw ventricular force traces ([Fig. 2](#fig2){ref-type="fig"}A) show that Phe exposure (at 15 μM) depresses force. This reduction occurred across pacing frequencies between 0.2 and 0.8 Hz in the presence of Phe ([Fig. 2](#fig2){ref-type="fig"}C) but not the DMSO vehicle ([Fig. 2](#fig2){ref-type="fig"}B). When frequency responses were combined, Phe resulted in a 27 ± 2.3 and 19 ± 1.9% reduction in force at 15 μM and 25 μM exposure, respectively. The effect was attenuated at frequencies ≥1.0 Hz, probably due to the negative force-frequency relationship ([@bib61]). Similar results were observed in atrial tissue ([Fig. S1](#appsec1){ref-type="sec"}). Phe at 5, 15 and 25 μM caused 12 ± 3.5, 24 ± 0.5 and 25 ± 2.3% reduction, respectively in atrial force when averaged across frequencies between 0.2 and 0.8 Hz ([Table S2](#appsec1){ref-type="sec"}, [Fig. S1](#appsec1){ref-type="sec"}). The rate of contraction ([Table S3](#appsec1){ref-type="sec"}) and relaxation ([Table S4](#appsec1){ref-type="sec"}) of both atrial and ventricular force were reduced but not significantly by Phe whereas resting tension, the time to peak contraction and the decay constant of relaxation (tau) were unchanged in both tissues (not shown). Interesting, in both cardiac tissues, the positive inotropic agonist adrenaline (1  μM) was able to ameliorate the negative effect of Phe on peak force ([Fig. 2](#fig2){ref-type="fig"} and [Fig. S1](#appsec1){ref-type="sec"}) and on the rate of contraction ([Table S3](#appsec1){ref-type="sec"}) and relaxation ([Table S3](#appsec1){ref-type="sec"}).Fig. 2The impact of Phenanthrene (Phe) on the contractile properties of the brown trout heart. Force of contraction was significantly reduced when ventricular strips were exposed to 15 μM Phe and stimulated at varying frequency (0.2--1.0 Hz). (A) Representative trace from a ventricular strip contracting at 0.2 Hz showing peak height which was then converted to force. Mean ± S.E.M force expressed as percentage, normalised to control force contracting at 0.2 Hz in (B) DMSO control exposed group and (C) 15 μM exposed group. The solid black line represents the basal force of contraction prior to exposure of the strips to either DMSO or 15 μM Phe (blue line) whereas the dotted black line shows adrenaline (1 μM) exposure increasing contractility, attenuating the effects of Phe. (n = 8--12) \*p \< 0.05, two-way ANOVA). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)Fig. 2

3.3. Phenanthrene disrupts the intracellular Ca^2+^ transient {#sec3.3}
-------------------------------------------------------------

The rate and magnitude of cardiac contractile force is underpinned by the rate and magnitude of Ca^2+^ cycling in the myocytes of the working myocardium ([@bib69]). Thus, reduced tissue contractility following Phe exposure may be due to reductions in the intracellular Ca^2+^ transient. To assess this, isolated ventricular cardiomyocytes from brown trout were exposed to Phe and the Ca^2+^-sensitive dye, Fluo-4, was used to record Ca^2+^ transients during stimulation at 0.2 Hz. The Ca^2+^ transient signal recorded from a single myocyte contracting at 0.2 Hz was significantly reduced when exposed to Phe ([Fig. 3](#fig3){ref-type="fig"}A). Phe significantly decreased Ca^2+^ transient amplitude (∼39%) ([Fig. 3](#fig3){ref-type="fig"} B), which accounts for the shorter Ca^2+^ transient rise time ([Fig. 3](#fig3){ref-type="fig"}C) but did not slow the time course of transient relaxation (τ) ([Fig. 3](#fig3){ref-type="fig"}D). The impact of Phe on the Ca^2+^transient showed no clear concentration-dependence.Fig. 3Intracellular Ca^2+^ recording from ventricular myocytes of brown trout exposed to 5, 15 and 25 μM Phe incubation 1 h prior to recording. Phe significantly reduced intracellular Ca^2+^ transients. (A) Ca^2+^ transient signals recorded from myocytes contracting at 0.2 Hz. Black trace represent control condition (exposed to ≤ 0.1% DMSO ) while the red, blue and green line represent traces from cells exposed to 5, 15 and 25 μM Phe respectively. (B) Ca^2+^ transient mean amplitude (ΔF/F~0~) in control and increasing Phe concentrations (red bar, 5 μM; blue bar 15 μM; red bar, 25 μM) (\*\* p \< 0.01, one-way ANOVA). (C) Bar graph showing significant effect by Phe on Ca^2+^ rise time (\* p \< 0.05, one-way ANOVA). (D) Bar graph showing non-significant reduction of decay of Ca^2+^ transient calculated as tau (ms). Values are mean ± S.E.M (N = 6, n = 69, control; 54, 5 μM; 67, 15 μM; and 62, 25 μM). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)Fig. 3

3.4. Phenanthrene inhibits ion flux in isolated cardiomyocytes {#sec3.4}
--------------------------------------------------------------

The effect of Phe on the QT~c~ of the ECG and on MAPD, indicate that Phe is prolonging depolarization or slowing repolarization of the heart. The AP of a cardiomyocyte is characterised by the synchronous activity of various transmembrane ionic currents such as I~Na~, I~Ca~, I~K,~ which are regulated by various ion channels. The effect of Phe on cellular AP and the underlying ion channels was assessed using whole-cell patch-clamp on isolated ventricular cardiomyocytes at 0.5 Hz frequency. Phe caused significant prolongation of AP duration at 90% (APD~90~) at 10 μM (Control - 175 ± 16 ms; Phe - 270 ± 17 ms) ([Fig. 4](#fig4){ref-type="fig"}Ai, Aii). Interestingly, at higher concentration of 30 μM, Phe caused significant reduction in APD at 50% (APD~50~) (Control - 140 ± 16 ms; Phe - 101 ± 23 ms) whilst prolonging APD~90~(Phe - 234 ± 66 ms)([Fig. 4](#fig4){ref-type="fig"}Aii).Fig. 4Phenanthrene (Phe) disrupts cardiac ion flux in isolated brown trout ventricular cardiomyocytes. (A) Effect of Phe on action potential duration (APD). (Ai) Representative traces of action potential elicited at 0.5 Hz in absence (Control) and presence of 10 μM Phe and (Aii) Mean action potential duration at 10% (APD~10~), 50% (APD~50~) and 90% (APD~90~) in absence (Control) and presence of 10 μM and 30 μM Phe (n = 5 for each data set from min. two fish). (B) Effect of Phe on I~kr~ currents. (Bi) Representative traces of I~kr~ currents in absence (Control) and presence of 10 μM Phe; inset -- voltage protocol used to elicit I~kr~ currents. (Bii) Bar graph of mean I~kr~ current density in absence (Control) and presence of 10 μM Phe (\*\*\* p=0.0002; n = 6 from min. two fish). (Biii) concentration-response curve yielded an the IC~50~ value of 7.2 ± 0.6 μM (n = 6 for each data set from min. two fish). (C) Effect of Phe on I~CaL~ currents. (Ci) Representative trace of I~CaL~ currents in absence (Control) and presence of 30 μM Phe; inset -- voltage protocol used to elicit I~CaL~ currents. (Cii) Mean I~CaL~ current density in absence (Control) and presence of 30 μM Phe (\*\* p=0.001; n = 4 from two fish). Values are mean ± S.E.M (total n = 34 from total of 8 fishes).Fig. 4

The fast repolarization (i.e. phase 3, seen at APD~90~) of the cardiomyocyte AP is mainly driven by outward-rectifying ether-a-go-go (erg) channel (referred to as I~Kr~ current) while phase 2 (APD~50~) of the AP is mainly driven by L-type calcium channels (referred to as I~CaL~ current). To understand Phe\'s effect on APD~90~ and APD~50~, the corresponding I~Kr~ and I~CaL~ currents were investigated using whole-cell voltage-clamp of single ventricular myocytes. Brown trout ventricular myocytes exhibited robust I~Kr~ current with an average current density of 3.3 ± 0.4 pApF^−1^ ([Fig. 4](#fig4){ref-type="fig"}Bii). This was inhibited up to 70% to 1 ± 0.3 pApF^−1^ in the presence of 10 μM Phe ([Fig. 4](#fig4){ref-type="fig"} Bi and ii) in-line with the observed effect of APD~90~ prolongation. Concentration-response curve revealed an IC~50~ of approximately 7.2 ± 0.6 μM ([Fig. 4](#fig4){ref-type="fig"}Biii). I~CaL~ currents were also significantly inhibited (by ∼30%; Control - 6.8 ± 0.4 pApF^−1^; Phe - 4.2 ± 0.3 pApF^−1^) by Phe, but only at the higher dose of 30 μM Phe ([Fig. 4](#fig4){ref-type="fig"}C), which is in-line with the shortening of APD~50~ at this concentration but not at 10 μM Phe ([Fig. 4](#fig4){ref-type="fig"} Ai and ii).

4. Discussion {#sec4}
=============

The growth of anthropogenic stressors impacting the freshwater environment has led to grave concern for the fish living within them as exemplified by a recent study highlighting the susceptibility of salmonids to climate change ([@bib32]). Here we investigated the impact of a prevalent anthropogenic PAH pollutant, Phe, on cardiac function in a sentinel fresh water salmonid, the brown trout. Studies following the 1989 Exxon Valdez and the 2010 Deepwater Horizon disasters emphasized the developmental toxicity of various PAHs on fish early life stages and the developing cardiovascular system ([@bib26], [@bib31]). However, the direct negative effects of PAH exposure on cardiac parameters in adult life stages are becoming increasingly evident ([@bib5], [@bib6]; [@bib51]). Our study identified three key findings. (1) Phe alters the electrical activity of the heart causing QT prolongation of ECG and MAPD, which is pro-arrhythmiogenic. (2) Phe depresses cardiac contractility due to a reduction in cellular Ca^2+^ flux in the cardiomyocytes. (3) The electrical and contractile dysfunction of the heart are due to the inhibition of depolarizing Ca^2+^currents and repolarising K^+^ currents in the cardiomyocytes. Taken together, our findings suggest that Phe pollution has the capacity to cause serious disruption to the trout heart. As the heart is the organ which drives oxygenated blood around the body whilst supplying nutrients and removing waste, failure in function can be catastrophic. Concurrently, there are host of studies ([@bib53]; [@bib8]; [@bib14]; [@bib15]) which indicate that it is collapse of the salmonid cardiovascular system which underlies the death of individual fish and the collapse of populations in hostile environments. Our study underscores the impact of anthropogenic pollutants on fish cardiac function and cautions that pollutants need to be considered in parallel with abiotic factors driven by climate change such as temperature and hypoxia if salmonid populations are to survive in this era of multiple environmental stressors.

4.1. The cardiotoxic mechanisms of phenanthrene {#sec4.1}
-----------------------------------------------

Our study is the first to examine the influence of Phe on any fish heart across multiples levels of biological organization. We are thus uniquely placed to attribute mechanisms at the myocyte to functional changes observed at the tissue and whole heart level. Indeed, our cellular work supports the mechanisms established by [@bib6] and reviewed by ([@bib25]), but additionally reveals the impact these cellular disturbances have on whole heart contractile and electrical function. Our findings also support previous work which shows direct cardiotoxicity independent of the activation of the aryl hydrocarbon receptor (AHR) ([@bib25]).

*Electrical Excitability:* Our data confirms that Phe is acutely and directly cardiotoxic to fish ([@bib6]) and is the first to demonstrate this in a salmonid. Phe impairs membrane excitability by disrupting the ion channels responsible for the plateau (phase 2) and repolarization (phase 3) of the AP; the I~CaL~ and I~Kr~ currents, respectively. This cellular inhibition is responsible for prolongation of the MAP and QT elongation at the level of the whole heart, meaning that Phe is able to induce long QT syndrome in salmonids. This pro-arrhythmic effect suggests that Phe could trigger irregular heartbeats leading to fibrillation (abnormal firing of electrical stimuli) and even death ([@bib19]; [@bib6]). Previous studies have reported arrhythmia caused by crude oil derived PAHs ([@bib29], [@bib26]). Phe (56 μM) induced bradycardia and arrhythmia in zebrafish (*Danio rerio*) embryos which progressed to atrioventricular (AV) block ([@bib29]). Similarly, [@bib73] reported onset of arrhythmia in zebrafish embryos due to disruption in calcium handling by SERCA2a (sarcoplasmic reticulum calcium ATPase). Following the onset of arrhythmia, [@bib72] revealed that Phe caused significant reduction in ventricular end diastolic volume (EDV) and end systolic volume (ESV) leading to significant reduction in stroke volume and cardiac output in developing zebrafish heart. They concluded that the effect observed was due to the ability of Phe to induce the activity of matrix metalloproteinase-9 (MMP-9); an enzyme involved in cardiac remodelling. Evidence of the ability of Phe to induce hypertrophy in a mammalian heart by inhibiting miR-133a expression and induced DNA methyltransferases (DNMTs) in rat cardiomyocytes and H9C2 cardiomyoblast cells have also been reported ([@bib24]). In humans, long QT syndrome can lead to temporary loss of consciousness and sudden death in young adults as a result of altered ionic flux in the cardiomyocytes ([@bib17]). Because of fairly conserved excitation-contraction coupling processes across vertebrates, our findings for fish suggest similar dysfunction may occur in humans exposed to PAH via air pollution ([@bib35]).

*Altered cellular Ca*^*2+*^*cycling:* Phe also significantly impaired the Ca^2+^dynamics of the cells which inhibit the Ca^2+^ transient and culminated in the reduced contractility observed in the cardiac tissues. The percentage reduction in tissue contractility observed from this study is consistent with the reduction in cardiac output reported by [@bib51] following exposure of mahi-mahi (*Coryphaena hippurus*) to crude oil containing a measured total PAH of 9.6 ± 2.7 μg l^−1^ with phenanthrene/anthracene ratio making up to 14%. The reduction in the Ca^2+^ transient following exposure to Phe reported in this study will undoubtably be due, at least in part, to the inhibtion of I~Ca~. However, the reduction in Ca^2+^transient amplitude was seen at doses lower than those where I~Ca~ inhibtion was extensive. This may be explained by the lesser role of the sarcoplasmic reticulum in salmonid heart function compared with pelagic fish ([@bib58]). However, there are many other Ca^2+^ cycling pumps and transporters which may be influenced by Phe in cardiomyocytes and future studies should investigate the role of the sarcoplasmic reticulum and the Na^+^-Ca^2+^ exchanger in a range of vertebrates.

An interesting aspect of our study was the amelioration of reduced contractility following Phe exposure with treatment of adrenaline (1 μM). Adrenaline causes a robust increase in contractility in trout heart ([@bib44]; [@bib56]; [@bib45]) because it is able to stimulate the β-adrenergic receptors leading to a positive inotropic signalling cascade which culminates in the activation of protein kinase A(PKA). PKA phosphorylates the L-type calcium channels, increasing their open probability and I~CaL~ ([@bib56]; [@bib21]). The effect of AD was only tested in cardiac tissues but future work should look at the effect of this endogenous hormone at multiple levels as it may be cardioprotective.

4.2. Environmental relevance {#sec4.2}
----------------------------

Fish are an important source of protein and wild fish are a major source of commercially available fish ([@bib2]). The diversity and numbers of commercial fish species is impaired due to climate change and pollution. For example, pollution through anthropogenic activities leads to consistent release of harmful substances such as hydrocarbons into aquatic communities. [@bib70], attributed the reduction in benthic species richness and diversity to hydrocarbons in water and sediments in the Gulf of Southern Evoikos (Greece). In regions of frequent spills, high surface water concentrations have been reported. PAHs contamination of rivers, creeks and groundwater in Ogoni land (Nigeria) revealed levels reaching 7,420 μg L^−1^ in surface waters, and 42 ,200 μg ^L−1^ in drinking waters ([@bib41]). PAHs accumulate in sediments thereby constituting a major continuous and persistent source within the water column ([@bib54]; [@bib52]; [@bib62]; [@bib28]). The amount of PAHs present in sediments varies but [@bib67], reported Σ PAHs in the Mersey estuary (UK) sediments to range between 0.6 and 3.8 μg g^−1^ dry weight (dw) with the concentrations of Phe ranging between 0.05 and 0.25 μg g^−1^ dw. Much higher values were reported for sediments from the Haihe River in Tiajin (China) with Phe concentrations up to 74.4 μg g^−1^ (dw) accounting for approximately 25% of the overall amount of PAHs present ([@bib33]. A study from the Klang River (Malaysia) reported Σ PAH concentration in sediments in the range of 3.8--7.44 μg g^−1^ dry weight and a dominance of 3 ringed PAHs (Phe family) representing on average 38% of the overall amount of PAHs present (1.4--2.8 μg g^−1^ dry weight). These data suggest that benthic and pelagic organisms are routinely exposedto ([@bib34]). [@bib2] analysed PAHs in 3 economically important fish species from the Warri River (Nigeria) and reported concentration values as high as 1.1 μg g^−1^ in the fish tissues, with the sediments in the same river having concentrations of 4.6 μg g^−1^ dw, although the values in the water column was 0.03 μg ml^−1^. Although the freshwater environment did not receive the disastrous point spills which have plagued the marine environment, the ubiquity of PAHs and rising loads of hydrocarbon emission, depositions, coastal flooding, freshwater-marine intrusion and urban runoff suggest that the fresh water environment receives a significant quantity of these pollutants. It is therefore important to understand the response of fresh water organisms to PAH pollutants.

In this study, Phe at doses 15 and 25 μM are clearly cardiotoxic to the salmonid heart providing new insight into the integrated cardiac response to PAH pollutants. Exposing larval zebrafish to higher concentrations (56 μM) gave similar cardiotoxic effects by inducing bradycardia and arrhythmia ([@bib29]). Therefore, ecological tools relevant in biodiversity assessment and management/conservation strategies should consider the cardiotoxicity of pollutants alongside other parameters such as temperature and climate change. Accounting for multiple environmental stressors is paramount for an in-depth assessment of peril for fish in this era of rapid climate change.

5. Conclusion {#sec5}
=============

This study has determined the impact of a key PAH, Phe, on the heart of a freshwater indicator species, the brown trout, across layers of biological organization. Our findings support earlier investigations into PAH cardiotoxicity in cardiomyocytes of marine species but adds to this literature by providing evidence of reduced contractile performance and whole heart electrical disruption. We summarise the importance of our findings in [Fig. 5](#fig5){ref-type="fig"}, where we show how Phe pollution, through impairment of cardiac function, can impact fish survival. Importantly, the schema presented in [Fig. 5](#fig5){ref-type="fig"} will rarely exist in isolation. Fishes must accommodate additional anthropogenic pollution load with warmer temperatures and lower levels of dissolved oxygen. Each of these stressors alone has a large and deleterious effect on fish cardiac function. Hence, consistent monitoring and remediation of environmental matrices containing this cardiotoxic pollutant is strongly recommended, particularly in systems already under stress from other anthropogenic inputs.Fig. 5Summary of the effects of phenanthrene on fish cardiovascular system and the potential implications of exposure on fish species population.Fig. 5
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